Abstract. This paper describes the computational simulation of contact zones between pebbles in a pebble bed reactor. In this type of reactor, the potential for graphite dust generation from frictional contact of graphite pebbles and the subsequent transport of dust and fission products can cause significant safety issues at very high temperatures around 900
Introduction
The gas-cooled graphite-moderated pebble bed reactor is a leading concept for the Next Generation Nuclear Plant, a Very High Temperature Reactor (VHTR) under consideration in the US. In the proposed reactor, spherical graphite pebbles ( Fig. 1 ) are used as fuel elements. These graphite pebbles contain thousands of tristructural-isotropic (TRISO) fuel particles which are mainly made of enriched uranium. The graphite pebbles are inserted into the reactor from the top and they move downward due to gravity to reach the outlet chute where they go through burnup assay or fuel utilization. Here, the burnup limit of graphite pebbles is assessed to determine if they are to be recirculated or stored in the storage tank.
In VHTRs, the potential graphite dust generation is caused by several sources. These sources are pebble-pebble contact, pebble-wall contact, fuel handling which proceeds burnup assay and oxidation from impurities present in the helium coolant (Cogliati and Ougouag, 2008) .
There are many disadvantages to dust production at very high temperatures in pebble bed reactors (PBR). In the presence of graphite dust, helium can become radioactive, reducing the efficiency of heat exchangers (Cogliati and Ougouag, 2010) . In direct cycle HTGRs, the generated graphite particulates collide with turbine blades and can considerably decrease their service life (Cogliati and Ougouag, 2010) . The amount of graphite dust generated Correspondence to: M. Rostamian (mrostamian@asme.org) is a key input for design safety review (US Nuclear Regulatory Commission, 2008; IAEA, 2003) . The only previous prediction of dust production was made for the German Arbeitsgemeinschaft Versuchsreaktor (AVR), which was around 3 kg yr −1 (Xiaowei et al., 2005) .
Computational model
In the present work, the simulations of pebble contact were conducted using the finite element software ABAQUS (ABAQUS FEA, 2010) to predict an initial estimate for PBR graphite dust production. Two different configurations are considered: (1) two Quarter Spheres in contact (QS) model illustrated in Fig. 2a , and (2) a Body Centered Cubic (BCC) model l, in one pebble is in contact with eight other ones, as shown in Fig. 2b . The QS model is a simple model to start performing simulations but the BCC model is a more realistic configuration which better represents the conditions of pebbles in a PBR (du Toit et al., 2009) .
Two types of simulations are also considered: (1) static simulations where pebble-pebble forces and friction at contact points are considered without pebble movements with respect to each other, and (2) dynamic simulations, where pebble-pebble forces, friction at contact points and rotation of the center pebble with respect to the neighboring ones is considered. (Schaffer, 2007) . The material properties were modeled by considering an elastoplastic stress-strain behavior coupled with ductile damage effects. A mesh refinement was considered to determine the number of elements with damage values exceeding a minimum predetermined value. The extent of damage was used to determine the amount of mass removed. Finally, the results are discussed and compared with previous works (Cogliati and Ougouag, 2010; Xiaowei et al., 2005) . 
Material properties
The nuclear grade graphite IG-11 with elastoplastic behavior at the strain rate of 0.0011s −1 is considered to determine the extent of pebble damage due to contact and wear forces ( Fig. 3 and Table 1 ).
Isotropic elastic model
From the stress-strain diagram shown in Fig. 3 , the elastic properties are derived. The Young's modulus and yield stress are found to be E = 9.8 GPa. The Poisson ratio is also known to be 0.126 for this nuclear grade graphite (Yokoyama et al., 2008) .
Isotropic plastic model
From the plastic portion of this stress-strain curve, the yield stress and the corresponding plastic strain are derived. The plastic stress-strain data input for ABAQUS to replica is shown in Table 1 . 
Ductile damage model
A ductile damage criterion (Johnson and Cook, 1985) is used in this numerical simulation. The fracture strain (at specific strain rate) and stress triaxiality are needed to set this criterion. Once this limit is exceeded, elements are capable of being removed from the surface of the contact point. In this study, the damage is investigated macroscopically and IG-11 is considered as a continuous homogenous material.
In Table 2 stress triaxiality is simply found to be 0.333 because of material homogeneity in three directions.
Model setup
The simulation setup consists of two sections with two models for pebble-pebble contact the QS model and the BCC model unit cell configuration. The latter represents a more realistic configuration of a pebble condition in contact with eight other ones.
QS Model
In this model, two quarter spheres are in contact and the boundary conditions and loads are set as illustrated in Fig. 4 . In this figure, u represents translational velocity in m s −1 and ur represents rotational velocity in radians.
BCC Model
In this model, one quarter sphere is in contact with two eightspheres representing a portion of a unit cell model, which is cut at its symmetrical planes. The boundary conditions and loads are set as in Fig. 5 . In this figure, the model is reduced by considering the existing symmetry in the BCC configuration.
Simulation setup
The simulations are also carried out in two phases. A static simulation is performed where stationary pebblepebble forces and friction at contact points are considered. In the static simulations, due to the linearity of the simulations, ABAQUS/Standard module has been implemented.
The boundary conditions, loads and constrains are illustrated in Figs. 4a and 5a. The dynamic simulation considers pebble-pebble forces, friction at contact points and rotation of the center pebble. In the dynamic simulations, ABAQUS/Explicit module has been implemented to handle the nonlinearities caused by rotational velocity and contact mechanics. The boundary conditions, loads and constrains are illustrated in Figs. 4b and 5b. 
Mesh refinement study
Considering the elastic model, simulations were run for different element sizes to perform a mesh refinement study (MRS); the MRS led to the optimal element size of 0.022 cm for the contact zone (Fig. 6) .
This optimal element size helps reduce computational costs and time. The optimum mesh as identified from the MRS results in the optimal refinement of mesh in the contact zone, where results are sensitive to element size. Figure 6 presents the optimal mesh near the contact zone.
Results and discussions
In this section, first the von Mises stress contours and damage contours are illustrated and discussed briefly. Finally, an estimate of the mass removal from the surface of graphite pebbles is discussed.
Static simulation results
As seen in Fig. 7 , in both configurations higher stresses are experiences at the tip of the contact area than those at the center-point. This is due to the deflection at the tip of the contact area which is itself a flat circle-shaped region perpendicular to the figure plain.
As seen in Fig. 8 , higher damage is at the edges of the contact area due to higher local deformations.
Dynamic simulation results
As seen in Fig. 9 , in both models higher stresses are experiences at the tip of the contact area than that at the centerpoint. This is due to the deformation at the tip of the contact area. Note that, in the dynamic simulation, the damaged zones are not completely facing each other due to the axial rotation of one pebble against the other.
As seen in Figs. 10 and 11, higher stress and damage are experienced at the edges of the contact area due to higher local deformations.
The contact zone is a circular area which is perpendicular to the figure plains whose upper and lower edges experience high stresses and therefore high damages.
Dust mass prediction
Based on the damage results, by probing the elements in the damaged region and tallying the damage criterion at each damaged element, the number of elements that were capable of removal due to excessive damage was counted and therefore an estimate of the mass removal was predicted.
In the Static simulation, no elements passed the damage criterion in the QS model and as a result the mass removal estimate was predicted to be zero; while in the static BCC model given the density of 1.77 g cm −3 (Yoda and Eto, 1983) , an estimate of 5.9 g yr −1 was predicted. (Cogliati and Ougouag, 2010) 0.0 5.9 6.5 6.7 4.0
In the dynamic simulation which was a more realistic one, the QS model mass removal estimate was 6.5 g yr −1 , while it was 6.7 g yr −1 for the BCC model. Table 3 shows a comparison between the results of the current model and those by Cogliati (2010) .
The dust production estimate of 6.5 to 6.7 grams per year is very low compared to an estimated of 3 kg per year in the German AVR (Moormann, 2009 ).
There are a number of reasons which make the present initial estimate more reliable as compared to AVR observations. The main reason there is a difference of three orders of magnitude between our results and that of AVR is that in this dust production prediction model, only pebble-pebble contacts are considered while, as mentioned earlier, there are a number of sources to graphite dust generation (Cogliati and Ougouag, 2010) .
Another influential factor is the material properties; while temperatures of about 900
• C are experienced in a PBR, the only material parameters available at this point are at room temperature from (Yokoyama et al., 2008) . Also, it is uncertain how much of the dust produced in AVR, was a result of mechanical wear, as opposed to other sources. The dust production in AVR was observed by annually removing the filter and measuring the amount of dust, which is generated from different sources such as oil ingress, air ingress, metallic components and pebble handling.
Conclusions
The advantage of performing numerical analyses is to achieve an estimate of the mass of graphite removed per working year of an NGNP during its service period. This order of magnitude of estimate can be an approximate input for safety design of PBRs. This estimate is a good agreement with those in the literature. However, more investigations are in progress to enhance the accuracy of the prediction of dust generation in PBRs. Considering a wear model to calculate the wear mass based on the contact normal forces leads to results of higher accuracy and dependability. Performing simulations for various pebble-pebble configurations can also lead to better evaluation the wear mass.
